Introduction
Physical exercise requires coordinated actions of skeletal muscles and its beneficial effects are known to be diverse.
Some people perform exercise to maintain healthy physical conditions, lose weight or reinforce physical strength and capacity to achieve a better athletic performance while others exercise to improve or cure health problems such as cardiovascular disease, diabetes or neuromuscular disorders (NMDs). However, depending on the modes of physical exercise, the consequences of physical exercise 142 | J Korean Soc Phys Med Vol. 13, No. 3 vary. Furthermore, the molecular mechanisms underlying the diversity and dissimilarity in adaptive responses of physical exercise are predominantly unclear and often too complex to fully understand based on currently available information. Nevertheless, it is necessary to identify the characteristics and significance of physical exercise with skeletal muscular activity and to comprehend essential molecular links associated with the beneficial outcomes of physical exercise. In this review, AMPK signaling is predominantly introduced as a major molecular player in this liaison and a promising therapeutic target with molecular mechanistic explanations in NMDs in particular.
Characteristics of Skeletal Muscle and Adaptive

Responses in Physical Exercise
The primary task of skeletal muscle is to impart mechanical forces through tendons to bone. Specifically, skeletal muscle provides different amounts of contractile forces for a wide range of movements based on the type, properties and metabolism of corresponding muscles. Some muscles need to sustain contraction for prolonged periods regardless of response latency, while others must respond swiftly for short bursts of activity. Skeletal muscle is characterized by dynamic and flexible adaptability in response to diverse stimuli including physical exercise (Preston and Wilson, 2013; Mounier et al., 2015; Camera et al., 2016) .
Physical exercise is frequently divided into two modes: endurance-and resistance-based exercises (primarily aerobic and anaerobic, respectively). The former is known to be more closely related to improving muscular functional capacity to sustain exercise through relatively prolonged (>60 min) continuous or discontinuous repetition of submaximal muscular contractions demanding endurance, while the latter develops muscular strength to cope with a burden of resistance during a relatively short period of time (<60 s) with nearly maximal muscular contractions.
Muscle fibers vary in composition and function according to fitness requirements assigned (Preston and Wilson, 2013; Mounier et al., 2015; Camera et al., 2016) . Depending on the types of stimuli and choice of intensity, frequency and duration, muscle tissues adapt to meet the external demands in the forms of qualitative phenotypic transformation of muscle fibers (primarily in endurance exercise) or hypertrophy with the growth of muscle fibers (mainly in resistance exercise).
The common characteristics of skeletal muscle are also described by two specific types of muscle fibers, type I and type II twitch fibers. Type I slow twitch fibers (red muscle), which dominate muscle, contract slowly and are developed by low-intensity and long-duration activities such as maintaining posture (static isometric exercise) or rhythmic cycles of walking (dynamic isotonic exercise).
Type II fast twitch fibers (white muscle) are developed during high-intensity and heavy resistance exercise, such as weight lifting or sighting-pursuing prey eliciting fast fatigue (Preston and Wilson, 2013; Camera et al., 2016 ).
In addition, there are significant differences in oxidative and glycolytic capacities in terms of the predominant energy systems utilized in addition to myoglobin content, mitochondrial size and numbers, myosin ATPase activity as well as resistance to fatigue (Mounier et al., 2015) .
Specifically Endurance exercise tends to change skeletal muscle fibers from primarily glycolytic fibers (type IIb/IIx) to more oxidative fibers (type I and IIa) to meet the requirements of energy production though glycolytic pathways are also well-developed in oxidative fibers.
Muscular plasticity and adaptation can be achieved in a representative form of skeletal muscular changes in size, composition, and distribution as well as in strength and capacity in response to various stimuli such as specific modes of physical exercise (Preston and Wilson, 2013; Hawley et al., 2014; Mounier et al., 2015) .
Furthermore, there is also combined integration of endurance-and resistance-based exercises in a training sequence that is referred to as concurrent training (Coffey training is preceded by endurance-based exercise (Hickson, 1980; Dudley and Djamil, 1985; Chtara et al., 2008; Wilson et al., 2012; Jones et al., 2013; Coffey and Hawley, 2017) .
However, the precise mechanistic explanation behind this effect is still vague and dissimilar or even contrary evidence also exist (Wang et al., 2011; Murach and Bagley, 2016; Coffey and Hawley, 2017; Murlasits et al., 2018) . This 
AMPK in Skeletal Muscle and Physical Exercise
Skeletal muscular plasticity entails metabolic changes with alterations in intracellular signaling pathways.
Depending on modes of exercise, cascades of signaling molecules in the corresponding signaling pathway can be activated or suppressed. In terms of signaling pathways to achieve such adaptability and suitability of skeletal AMPK activation (Hardie, 2011a (Hardie, , 2011b .
AMPK is a heterotrimer comprised of two isoforms of α and β subunits and three isoforms of γ subunit possibly expressing 12 different AMPK complexes. Among the various tissue-specific expressions of AMPK, α2β2γ1 is recognized to be the dominant composition of AMPK in human and rodent skeletal muscle (Mounier et al., 2015; Kjobsted et al., 2018) . The allosteric binding of AMP/ADP to the regulatory γ subunit of AMPK induces its conformational change and promotes α-Thr172 phosphorylation, which is critical for AMPK activation (Stein et al., 2000; Gowans et al., 2013) .
Muscle fibers promptly adjust to changes in energy demand during exercise, which is a potent physiological activator of AMPK (Jensen et al., 2009; O'Neill, 2013 (Mounier et al., 2015; Camera et al., 2016; Kjobsted et al., 2018) .
AMPK and AMPK-related Signaling Pathways in Physical Exercise
As previously mentioned, endurance-based exercise upregulates mitochondrial content, biogenesis and respiratory capacity with oxidative and slow twitch fiber-type transformation as well as metabolic shifts such as fat oxidation during submaximal exercise, while resistancebased exercise potentiates synthesis of myofibrillar proteins accountable for muscle hypertrophy and upregulates maximal strength of skeletal muscle (Holloszy, 1967; Holloszy and Coyle, 1984; Tesch, 1988; Fry, 2004; Coffey and Hawley, 2007) protein) and NRFs (nuclear respiratory factors) via interaction with PPAR-γ (peroxisome proliferator-activated receptors). These encode genes for oxidative phenotypes such as mitochondrial biogenesis with an increase in mitochondrial content and density as well as oxidative enzymatic activities (Coffey and Hawley, 2007; Hawley, 2009; Camera et al., 2016; Coffey and Hawley, 2017) .
In particular, AMPK is an upstream effector of activation that is able to inhibit mTOR via TSC1 and TSC2 as a source of molecular signaling linkage between endurance-and resistance-based exercises. This connection might be able to explain why interference in concurrent training, if correct, occurs when endurance-based training is followed by resistance training (Fig. 2) . However, further investigation on the effects of exercise sequence in concurrent training is required since altered sequences of exercise can produce dissimilar outcomes. For example, when resistance-based training prior to endurance-based training is performed, there seems to be a beneficial effect instead of interference with lower body strength adaptations (Murlasits et al., 2018) .
There are many more molecular connections in AMPK signaling including SIRT1, CaMK, p38 MAPK, LKB1 and p53 (Hawley et al., 2006; Gibala, 2009; Hawley, 2009; Perez-Schindler et al., 2015; Beyfuss and Hood, 2018) .
Especially, p53 is a well-known tumor suppressor whose major regulators are MDM2 (mouse double minute 2) and MDM4 (mouse double minute 4, MDMX) is also reported to influence the regulation of AMPK (Jensen et al., 2007) and to play a significant role in glucose metabolism to regulate glycolysis and oxidative phosphorylation (OXPHOS), which are important to the expression of phenotypes associated with both endurance-and resistancebased exercises (Beyfuss and Hood, 2018; Gomes et al., 2018) . Moreover, p53 has a negative influence on metabolic reprogramming, particularly glucose metabolism, is known to revert to the Warburg effect, which is the augmentation of aerobic glycolysis favoring glucose uptake and lactate production, even in the presence of oxygen to generate ATP (Warburg, 1930; Warburg, 1956; Vander Heiden et al., 2009; Vousden and Ryan, 2009; Gomes et al., 2018) . 
AMPK in Neuromuscular Disorders
AMPK is a substantial regulator of intracellular metabolism that is essential to neuromuscular determination and maintenance of skeletal muscle, alpha motor neurons (αMNs) and neuromuscular junctions (NMJs) (Dial et al., 2018) . Pharmacological (Bushby et al., 2010; Pilgram et al., 2010; Dial et al., 2018) . Glucocorticoides (GCs) and gene therapy with utrophin, a dystrophin homolog are primarily adopted for the treatment of DMD (Bushby et al., 2010; Lim et al., 2017; McDonald et al., 2017; Dial et al., 2018) . Copious muscle fibers with slow and oxidative properties are recognized to be more protective against DMD and corrective autophagy signaling alleviates dystrophic pathology (Webster et al., 1988; Sandri et al., 2013; Bujak et al., 2015; Dial et al., 2018) . AMPK activation is able to stimulate slow and oxidative phenotypic transition of myofibers and enhanced mitochondrial biogenesis as seen in endurance-based exercise. In addition, AMPK can directly regulate ULK-1 (unc-51-like autophagy activating kinase 1), a master regulator of autophagy, thus initiating autophagic cascades (Vainshtein and Hood, 2016) . such as SMNΔ7 appears to also be part of the SMA etiology (Lefebvre et al., 1995; Goulet et al., 2013; Hamilton and Gillingwater, 2013; Dial et al., 2018) . AMPK has been suggested as a promising therapeutic target for SMA since it is likely to control transcriptional factors such as CREB or elk-1 (E26 transformation-specific ETS domain containing protein) to upregulate functional full-length SMN (Biondi et al., 2008; Ahmad et al., 2016; Dial et al., 2018) . In addition to AMPK being a positive arbitrator of synaptic remodeling, it also appears to rescue synaptic dysfunction of neuromuscular junction (NMJ) in SMA and attenuate mitochondrial dysfunction as an etiology of SMA through augmented functional activities such as mitochondrial biogenesis (d'Ydewalle and Sumner, 2015; Christie-Brown et al., 2017; Scoto et al., 2017; Dial et al., 2018) . The SMN-dependent or independent role of AMPK to treat SMA is still under investigation. (CUG-BP Elav-like family member 1) in addition to the alternative splicing of ClC-1 (skeletal muscle-specific chloride channel) transcripts whose normal function contributes to optimal control of excitability and contractile activity in skeletal muscle (Cho and Tapscott, 2007; Chau and Kalsotra, 2015) . It has also been suggested that AMPK activation by exercise or pharmacological agonists with specificity is likely to rescue abnormal splicing patterns along with corrective autophagy signaling to remove dysfunctional proteins in DM1. As a downstream target of AMPK, PGC-1α is also believed to contribute to AMPK signaling in NMDs and to regulation of mRNA processing to correct and mitigate DM1 myopathy (Dial et al., 2018) .
Collectively, many studies robustly support AMPK as a favorable therapeutic target for various neuromuscular disorders. Although not described in detail in this review, plenty of evidence also strongly supports that the therapeutic potential of AMPK signaling can be helpful for the treatment of other human health problems such as cardiovascular disorders including hypertension, diabetes, neurodegenerative diseases and certain types of cancers as well (Richter and Ruderman, 2009) (Fig. 3 ).
Conclusion and Future Perspectives
Recent collective evidence has proposed the relevance might also be beneficial for physical rehabilitation and even for emergency situations in which acute metabolic stresses are elicited.
